CHAPTER III RADIATION AND CHEMICAL REACTION EFFECTS ON UNSTEADY MHD FREE CONVECTION FLOW OF A DISSIPATIVE FLUID PAST AN
effects play an important role and this situation does exist in space technology. England and Emery (1969) have studied the thermal radiation effects of an optically thin gray gas bounded by a stationary vertical plate. Soundalgekar and Takhar(1993) have considered radiative free convective flow of an optically thin gray-gas past a semi-infinite vertical plate. Radiation effects on mixed convection along an isothermal vertical plate were studied by Hossain and Takhar(1996) . Raptis and Perdikis (1999) studied the effects of thermal radiation and free convection flow past a moving vertical plate and the governing equations were solved analytically. Das et al (1996) The study of heat and mass transfer problems with chemical reaction is of great practical importance to engineers and scientists because of its almost universal occurrence in many branches of science and engineering. A few representative fields of interest in which combined heat and mass transfer along with chemical reaction plays an important role is found in chemical process industries such as food processing and polymer production. Chambre and Young (1958) analyzed a first-order chemical reaction in the neighborhood of a horizontal plate. Das et al. (1994) studied the effect of a homogeneous first-order chemical reaction on the flow past an impulsively started infinite vertical plate with uniform heat flux and mass transfer. Again, mass transfer effects on moving isothermal vertical plate in the presence of chemical reaction was studied by Das et al (1999 In all the studies cited above, the flow is driven either by a prescribed surface temperature or by a prescribed surface heat flux. Here, a relatively different driving mechanism for unsteady free convection along a vertical surface is considered where it is assumed that the flow is also set up by Newtonian heating from the surface. Heat transfer characteristics are dependent on the thermal boundary conditions. In general, there are four common heating processes specifying the wall-to-ambient temperature distributions, namely, prescribed wall temperature distributions (power-law wall temperature distribution along the surface has been usually used); prescribed surface heat flux distributions; conjugate conditions, where heat is supplied through a bounding surface of finite thickness and finite heat capacity. The interface temperature is not known a priori but depends on the intrinsic properties of the system, namely the thermal conductivities of the fluid and solid, respectively. Finally, there is Newtonian heating, where the heat transfer rate from the bounding surface with a finite heat capacity is proportional to the local surface temperature and which is usually termed conjugate convective flow. This last configuration occurs in many important engineering devices, for example, (i) In heat exchangers where the conduction in solid tube wall is greatly influenced by the convection in the fluid flowing over it;
(ii) For conjugate heat transfer around fins where the conduction within the fin and the convection in the fluid surrounding it must be simultaneously analyzed in order to obtain vital design information;
(iii) In convective flows set up when the bounding surfaces absorbs heat by solar radiation.
Therefore, we conclude that the conventional assumption of no interaction of conduction-convection coupled effects is not always realistic and it must be considered when evaluating the conjugate heat transfer processes in many practical engineering applications. Merkin (1994) was the first to consider a somewhat different but practically relevant driving mechanism for the natural convection boundary layer flow near a vertical surface in which it was assumed that the flow was set up by Newtonian heating from the bounding surface, i.e., the heat transfer from the surface was taken to be proportional to the local In this work the effects of radiation and chemical reaction on the unsteady free convection flow of a viscous incompressible fluid past an impulsively started infinite vertical plate under the influence of a uniform transverse magnetic field and in the presence of Newtonian heating , viscous dissipation and uniform mass diffusion has been studied. The fluid considered here is a gray, absorbing/emitting radiation but a non-scattering medium.
The dimensionless governing equations are solved by using an implicit finite difference method of the Crank-Nicolson's type. The study finds applications in high-temperature materials processing.
MATHEMATICAL FORMULATION
The unsteady laminar boundary-layer two-dimensional free convection flow of a viscous a viscous incompressible fluid past an impulsively started infinite vertical plate with Newtonian heating and mass diffusion, taking into account the effect of viscous dissipation is considered numerically. A uni-directional radiative flux, r q , is applied transverse to the plate i.e. radiation in the x′ -direction is considered negligible as compared to the y′ -direction.
A transverse magnetic field of uniform strength o B is assumed to be applied normal to the plate. The induced magnetic field is neglected as the magnetic Reynolds number of the flow is taken to be very small. The flow is assumed to be in x′ -direction which is taken along the plate in the vertically upward direction, and y′ -axis is taken normal to the plate. Initially, for time t′ ≤ 0, the plate and fluid are at the same temperature T ∞ ′ in a stationary condition with concentration level C ∞ ′ at all points. At time t′ >0, the plate is given an impulsive motion in the vertically upward direction against the gravitational field with a characteristic velocity 0 u .
It is assumed that the heat transfer rate from the surface is proportional to the local surface temperatureT ′ , which is usually termed conjugate convective flow, as it was proposed by Chaudhary and Jain (2007) and the level of concentration near the plate is raised to w C′ . It is also assumed that there exists a homogeneous first-order chemical reaction between the fluid and species concentration. All the fluid properties are considered constant except the influence of the density variations with temperature and concentration. As the plate is infinite in extent, all the physical variables are independent of x, except possibly the pressure. Applying the Boussinesq approximation, the unsteady flow is governed by the following equations:
Equation of continuity
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Equation of energy
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Equation of species diffusion
The initial and boundary conditions are given by
For the free stream, eq. (3.2) becomes:
between (3.2) and (3.6) we get:
( )
The state equation is
where β is the coefficient of thermal expansion and * β the coefficient of concentration expansion.
The local radiant flux for the case of an optically thin gray fluid is expressed by
It is assumed that the temperature differences within the flow are sufficiently small that 4 T ′ may be expressed as a linear function of the temperature. This is accomplished by expanding 4 T ′ in a Taylor series about T ∞ ′ and neglecting the higher order terms, thus
Equation (9) through (10) takes the form:
Equation (1) gives:
where 0 v is the constant suction velocity and the negative sign indicates that it is towards the plate.
On substituting equations (3.8), (3.11) , and (3.12) in equations (3.3), (3.4), and (3.7) we take:
In the absence of constant suction velocity (for the case of non-porous plate), we obtain the following equations
On introducing the following non-dimensional quantities:
into Equations (16) , (17) and (18) , one obtains the following dimensionless equations:
According to the above non-dimensionalization process, the characteristic velocity 0 u can be defined as 0 h u ν κ = The dimensionless initial and boundary conditions given by Equations (5) now become 0 :
It should be noted that all the physical parameters are defined in the Nomenclature.
METHOD OF SOLUTION
The set of differential equations (3.20) to (3.22) are coupled non-linear partial differential equations and are solved by using initial and boundary conditions of Equation Hence, these equations are solved by an implicit finite difference method of the Crank-Nicolson type for a numerical solution.
The equivalent finite difference scheme for Equations (3.20) to (3.22 ) is as follows:
here the suffix 'i ' corresponds to y and ' j ' corresponds to t. Also 3.1(a) . Finite difference grid Fig. 3.1 
(b). Comparison of velocity profiles

Skin friction
We now calculate from the velocity field the skin friction. It is given in nondimensional form as 
Nusselt Number
From the temperature field, we can also determine the non-dimensional heat transfer coefficient or Nusselt number as
Sherwood Number
Like Nusselt number in case of heat transfer coefficient, a non-dimensional mass transfer coefficient known as Sherwood number is defined as
RESULTS AND DISCUSSION
The with an increase in R (radiation parameter) for air (P r =0.71) in the case of cooling of the surface. This result may be explained by the fact that an increase in the radiation parameter means the rate of radiative heat transferred to the fluid decreases, and consequently the fluid velocity decreases along with the temperature. Thus, increase in the value of R leads to a decrease in the momentum boundary layer thickness. But the reverse effect is observed for air (P r =0.71) in the case of heating of the surface. As expected, the effect of R on the velocity is negligible for water in cases of both cooling and heating of the surface. From the calculated values of the velocity it is found that when S c =0.6, E=0.001, K r =3, M=3, t=0.6 and y=0.4, the momentum boundary-layer thickness of the air decreases by 29.22% and 43.85% in the case of cooling of the plate, whereas it increases by 101.63% and 152.52% in the case of heating of the plate as R (Radiation parameter) increases from 0 to 2 and 5, respectively. with an increase in K (chemical reaction parameter) for both air (P r =0.71) and water (P r =7) in the case of cooling of the surface. But the opposite phenomenon is observed for both air (P r =0.71) and water (P r =7) in the case of heating of the surface. From the calculated values of the velocity it is found that at S c =0.6, E=0.001, M=3, R=5, t=0.4 and y=0.4, the momentum boundary-layer thickness decreases by 3.82% and 5.61% for air and by 4.48% and 6.59% for water in the case of cooling of the plate, whereas it increases by 13.40% and 19.68% for air and by 8.78% and 12.87% for water in the case of heating of the plate when K (Chemical reaction parameter) increases from 0 to 3 and 5, respectively.
The velocity profiles in the boundary layer are plotted in Fig. 3.8 and 3.9 for different values of t (time) and P r (Prandtl number) in cases of cooling and heating of the surface respectively. From Fig. 3.8 , it is observed that the velocity of both air and water accelerate in upward direction with increasing time in the case of cooling of the surface. This is due to increasing buoyancy effects in the vertical direction as time progresses. From Fig.   3 .9, in the case of heating, it is noticed that the velocity of air decreases with an increase in time. But it is interesting to note that as the time advances the velocity of water increases initially and then starts decreasing. The temperature profiles are plotted in Fig. 3.10 for different values of R (radiation parameter) and P r (Prandtl number). From the figure it is observed that an increase in the radiation parameter decreases the temperature of air (P r =0.71). Therefore, increases in the value of R lead to a decrease in the thermal boundary layer thicknesses. The reason for this is that radiation provides an additional means to diffuse energy. Like velocity case, the effect of R on the temperature is negligible for water. From the calculated values of the temperature variable it is found that at S c =0.6, G r =5, G m =2, E=0.001, K=3, M=3, t=0.2 and y=0.4, the thermal boundary layer of the air decreases by 26.64% and 51.97% when R (Radiation parameter) increases from 0 to 2 and 5, respectively. The cogfncentration profiles for different values of K r (chemical reaction parameter) and Sc (Schmidt number) are presented in Fig. 3.11 . It is observed that the concentration decreases with an increase in K (chemical reaction parameter) for both hydrogen (S c =0. 22) and water vapor (Sc=0.6). Therefore, an increase in the value of Kr leads to a decrease in the concentration boundary layer thicknesses. It should be mentioned that the studied case is for a destructive chemical reaction K. From the calculated values of the concentration it is found that at P r =0.71, G r =5, G m =2, E=0.001, R=5, M=3, t=0. 2 Fig. 3 .12 and 3.13, it is noticed that the skin friction increases with an increase in the values of M (magnetic field parameter) for both air (P r =0.71) and water (P r =7) in the cases of both cooling and heating of the surface. Therefore, an increase in M (magnetic field parameter) leads to an increase in the shear stress for both air (P r =0.71) and water (P r =7) in the cases of both cooling and heating of the surface. This is due to the fact that an increase in M (magnetic field parameter) leads to a decrease in the momentum boundary layer thickness and hence increase the skin friction. From Fig. 3.14 and 3.15 , it is found that the skin friction increases with an increase in the value of R for air (P r =0.71) for the case of cooling of the surface. Hence, an increase in R (radiation parameter) leads to an increase in the shear stress for air (P r =0.71) for the case of cooling of the surface. The reverse effect is found for the case of heating of the surface. But, when the fluid is water (P r =7), a negligible effect of R on the skin friction is found for the cases of both cooling and heating of the surface. From the calculated values it is also found that at S c =0.6, E=0.001, K=3, M=3 and t=0.4 and, the skin friction of the air increases by 81.34% and 137.86% in the case of cooling of the plate, whereas it decreases by 18.93% and 32.09% in the case of heating of the plate when R (Radiation parameter) increases from 0 to 2 and 5, respectively. From Figs. 3.16 and 3.17 , it is observed that the skin friction increases with an increase in the value of K r for both air (P r =0.71) and water (P r =7) for the case of cooling of the surface. Hence, an increase in K (chemical reaction parameter) leads to an increase in the shear stress for both air (P r =0.71) and water (P r =7) for the case of cooling of the surface. But the reverse effect is observed for the case of heating of the surface. From the calculated values it is found that at S c =0.6, E=0.001, M=3, R=5 and t=0.4, the skin friction increases by 26.81% and 39.72% for air and by 9.24% and 12.89% for water in the case of cooling of the plate, whereas it decreases by 2.67% and 3.96% for air and by 3.29% and 4.88% for water in the case of heating of the plate when K (Chemical reaction parameter) increases from 0 to 3 and 5, respectively. The rate of heat transfer or Nusselt number is presented against time t for various values of the radiation parameter R and the Prandtl number P r in Fig. 3.18 . It is found that the Nusselt number increases with an increase in the value of R for both air (P r =0.71) and water (P r =7). As expected, the Nusselt number increases as P r increases. On the other hand, it is observed that the Nusselt number decays as time progresses. Fig. 3.19 presents the rate of mass transfer or the Sherwood number against time t for various values of the chemical reaction parameter K and two different values of the Schmidt number S c (S c =0.78 and S c =0.96). It is observed that the Sherwood number increases with an increase in the value of K r for both S c =0.78 and S c =0.96. Also, it is observed that increasing the value of Sc produces increases in the Sherwood number. On the other hand, it is observed that the Sherwood number decreases as time increases. 
CONCLUSIONS
The effects of radiation and chemical reaction on the unsteady MHD free convection flow of a dissipative fluid past an impulsively-started infinite vertical plate in the presence of Newtonian heating and uniform mass diffusion was considered. The non-dimensional governing equations were solved with the help of an implicit finite-difference scheme of the Crank-Nicolson method. The conclusions of the study are as follows:
The velocity decreased and the skin friction increased for both air and water with increases in the magnetic field parameter for the cases of both cooling and heating of the surface.
When the radiation parameter increased, the velocity of air decreased for the case of cooling and increased in the case of heating of the surface. But the skin friction increased for the case of cooling and decreased in the case of heating of the surface.
The velocity for both air and water decreased for the case of cooling and increased for the case of heating of the surface due to increases in the chemical reaction parameter. But the reverse effect of the chemical reaction parameter was found for the skin friction.
An increase in the radiation parameter decreased the temperature of air and increased the Nusselt number.
The concentration decreased and the Sherwood number increased with an increase in the chemical reaction parameter.
